Objective: A majority of the modalities of synchronized ventilation in preterm infants require the use of flow sensors that can increase dead space and may adversely affect ventilator weaning. The objective of this study was to assess the effects of flow sensor dead space during synchronized intermittent mandatory ventilation (SIMV) weaning in preterm infants.
Introduction
Very low birth weight infants often require mechanical ventilation for prolonged periods. This increases the risk for lung injury and therefore there is a need for effective weaning strategies. Advances in neonatal ventilation include synchronization of the ventilator cycle with the infant's inspiratory effort and volume monitoring. Synchronized modalities such as assist/control and synchronized intermittent mandatory ventilation (SIMV) have led to improved tidal volume (V T ) delivery and faster weaning. [1] [2] [3] [4] [5] In most neonatal ventilators synchronization and volume monitoring is achieved by the use of mainstream flow sensors. Although these have a relatively small dead space volume, they can produce rebreathing of exhaled gas leading to increased alveolar and arterial carbon dioxide (CO 2 ) in preterm infants. 6, 7 This in combination with a relatively large anatomical dead space 8 can further compromise CO 2 elimination and require a greater spontaneous breathing effort or increased ventilatory support. The effects of instrumental dead space on CO 2 elimination in preterm infants may be greater during weaning of ventilator settings when infants have to compensate for the reduction in ventilatory support. Although flow sensor removal could avoid these issues, it would prevent synchronized ventilation and volume monitoring. Alternatively, the flow sensor dead space can be reduced by flushing the exhaled gas with a continuous gas flow produced by a controlled leak while allowing synchronization and volume monitoring. 7 The study hypothesis was that the reduction in SIMV rate can be better tolerated with a reduced instrumental dead space in preterm infants. The objective of this study was to asses the effect of dead space reduction on the tolerance to SIMV rate weaning in preterm infants.
Methods

Study population and sample size
Preterm infants admitted to the University of Miami-Jackson Memorial Hospital Neonatal Intensive Care Unit, weighing <1500 g at birth, on mechanical ventilation with an SIMV rate <40 breaths min -1 and a fraction of inspired oxygen (FiO 2 ) <0.5
to maintain an arterial oxygen saturation by pulse oximetry >88%, were eligible for the study. Infants were excluded if clinically unstable, if they had congenital heart disease, if they received muscle relaxants or if the skin condition did not allow the use of a heated transcutaneous CO 2 electrode. The study was approved by the University of Miami Human Subjects Research Committee and written informed parental consent was obtained for all enrolled infants. In a previous study, 7 reduction of flow sensor dead space produced a decrease in total minute ventilation by 24 ± 9% with a constant SIMV rate. In this study, SIMV rate was decreased and this was expected to produce a compensatory increase in spontaneous minute ventilation resulting in a smaller decrease in total minute ventilation. It was estimated that enrollment of 12 infants was needed to detect a third of the previous difference in total minute ventilation with a power of 0.8 and 0.05 a. The study was designed as a prospective crossover within-subject comparison. 
Ventilatory support
Study protocol
Infants were randomized into one of the two weaning sequences, A or B as shown in Figure 1 . In sequence A, a 30-min baseline with the basal SIMV rate set by the clinical team before the study was followed by a decrease in SIMV rate by 5 breaths min If tolerated for 30 min, a second decrease in SIMV rate by 5 breaths min -1 was carried out for a total reduction of 10 breaths min -1 and maintained for 2.5 h as tolerated. Subsequently, a second 30-min baseline was obtained with the basal SIMV rate. After this, the SIMV rate weaning process described before was repeated in combination with a simultaneous reduction of V D Sensor . In sequence B, infants underwent the same sequence of baseline and SIMV rate weaning with the reduction in flow sensor dead space occurring during the first weaning period. Ventilator settings of PIP, PEEP, inspiratory time and PS remained unchanged.
Synchronized intermittent mandatory ventilation rate weaning failure was defined as a rise in transcutaneous CO 2 tension (TcPCO 2 ) >10 mm Hg or an increase in FiO 2 >0.2 above from baseline or a rise in the respiratory rate >80 breaths min -1 . If any of these conditions lasted > 10 min, SIMV rate was reverted to the previous setting and if persisted, SIMV was returned to the basal rate. Figure 1 Weaning sequences. Infants were assigned at random to one of the two weaning sequences. In sequence A, a 30-min baseline at the basal synchronized intermittent mandatory ventilation (SIMV) rate set was followed by a decrease in SIMV rate by 5 breaths min -1 . If tolerated for 30 min, this was followed by a second decrease in SIMV rate by 5 breaths min -1 and maintained for 2.5 h if tolerated. Subsequently, a second 30-min baseline was obtained with the basal SIMV rate that was followed by the same weaning steps whereas the flow sensor dead space was reduced. In sequence B, the reduction in flow sensor dead space occurred during the first weaning period.
Measurements, data processing and statistical analysis
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A Estay et al infant. The corrected air flow signal during exhalation was digitally integrated to obtain exhaled tidal volume. Airway pressure calibrated by water manometry was measured at the patient connector. TcPCO 2 was measured by a heated electrode (7650 model, Radiometer America, Westlake, OH, USA) and the application site was changed before each baseline to avoid thermal injury. oxygen saturation by pulse oximetry was measured by pulse oximetry (Radical, Masimo Corp, Irvine, CA, USA). FiO 2 was measured by an oxygen analyzer (O2000, Maxtec, Salt Lake City, UT, USA). All signals were digitized at 100 Hz (AT-CODAS, Dataq Instruments, Akron, OH, USA) and recorded in a personal computer.
V DÀSensor for this group of infants was calculated as the nominal dead space of each flow sensor divided by the body weight. Mean TcPCO 2 , oxygen saturation by pulse oximetry, FiO 2 , exhaled V T , total respiratory rate as the sum of spontaneous and mechanical breaths, exhaled total minute ventilation (V E ) as the sum V T from all spontaneous and mechanical breaths, were obtained for the 30-min baselines, during the 2.5-hr SIMV rate weaning periods and during the last 10 min of each weaning period. Statistical analysis was carried out by within-subjects repeated measures analysis of variance with Holm-Sidak post hoc analysis. A P<0.05 was considered statistically significant. Data are reported as mean and s.d.
Results
Twelve mechanically ventilated preterm infants were studied. Their birth weight (mean±s.d.) was 705±158 g and gestational age was 25 ± 2 weeks. At the time of the study they were 31 ± 18 days old, weighed 953±256 g and received ventilatory support consisting of time-cycled pressure-limited SIMV with a ventilator rate of 25±8 breaths min and increased to 9 l min -1 during V D Sensor reduction. V DÀSensor for this group of infants was calculated as 0.72 ± 0.066 ml kg -1 . Three infants did not tolerate the 10 breaths min -1 reduction in SIMV rate without V D Sensor reduction indicated by a rise in TcPCO 2 >10 mm Hg above baseline. Of them, one tolerated only a 5 breaths min -1 SIMV rate reduction, while in the other two infants the SIMV had to be returned to the basal rate. One infant did not tolerate SIMV rate weaning during the period with V D Sensor reduction. As a result, the achieved SIMV rate decrease without and with dead space reduction was 7.7±4.1 and 9.2±2.9 breaths min -1 , respectively. The resulting SIMV rates without and with dead space reduction are shown in Table 1 .
Mean TcPCO 2 during the entire periods of SIMV rate weaning without or with dead space reduction (2.5 h for the infants who did not fail or shorter for those infants who failed) did not differ from baseline (Table 1 ). The mean TcPCO 2 during the last 10 min of the weaning period without V D Sensor reduction increased significantly from a baseline of 63±10 mm Hg to 70 ± 15 mm Hg (P<0.05), reflecting the failure of three of the infants. In contrast, the mean TcPCO 2 during the last 10 min of the weaning period with reduction of V D Sensor did not differ from baseline (67 ± 10 vs 64 ± 9 mm Hg).
V E during the weaning period without V D Sensor reduction did not differ from baseline whereas V E was significantly reduced during the SIMV rate weaning period with simultaneous V D Sensor reduction ( Figure 2 and Table 1 ). This reduction in V E resulted for the most part from a significant reduction in V T , whereas respiratory rate did not differ (Table 1) .
Ventilator settings of PIP, PEEP and PS remained unchanged during all four periods. Mean oxygen saturation by pulse oximetry and FiO 2 did not change during the SIMV weaning periods with respect to baseline.
Post hoc comparisons between sub-groups of infants according to the age (< or > day 28) or weight (< or >850 g) at the time of the study did not reveal significant differences in TcPCO 2 or ventilation.
Discussion
In preterm infants weaning of the SIMV rate is expected to produce a compensatory increase in the contribution of spontaneous breathing to total minute ventilation to sustain gas exchange. In this study, the increase in spontaneous ventilation after a reduction in SIMV rate maintained gas exchange consistently in most infants. In contrast, SIMV weaning with a simultaneous reduction in V D Sensor did not require such compensatory increase in spontaneous ventilation and instead, gas exchange was maintained near baseline levels with lower total minute ventilation. The decrease in total minute ventilation during weaning with a reduced V D Sensor was likely the result of a decreased spontaneous breathing effort because PIP, inspiratory time and PS remained unchanged.
This study evaluated the tolerance to SIMV rate weaning during a relatively brief period. Although this period may be too short to assess weaning tolerance, the reduction in SIMV rate was somewhat faster than routine weaning. Although the difference in the SIMV rate achieved during weaning without and with V D Sensor reduction is not clinically relevant, it is reassuring that most infants can cope with the reduced SIMV rate without showing increased CO 2 levels in the presence of V D Sensor .
Similarly, maintenance of constant arterial CO 2 tension (PaCO 2 ) levels was observed during a reduction in PIP when dead space was reduced by continuous tracheal gas insufflation and a Flow sensor dead space during SIMV weaning A Estay et al reduction in PaCO 2 occurred when ventilator settings were kept unchanged. 9 It has been suggested that acceptable PaCO 2 levels are observed during volume targeted ventilation in spite of the additional flow sensor dead space. 10 However, the findings obtained in this study and those obtained with continuous tracheal gas insufflation suggest that lower levels of support or perhaps smaller targeted volumes could be used by reducing the instrumental dead space in the smaller preterm infants. Although most infants tolerated the acute weaning, it is uncertain if they could tolerate it for longer periods. A compensatory increase in spontaneous ventilation and work of breathing that is not sufficiently large or consistent during weaning could delay weaning from mechanical ventilatory support.
The effect of dead space reduction on the tolerance to weaning was not clearly shown in this study. Although the stepwise reduction in SIMV rate was carried out at a faster pace than what is normally carried out, most infants tolerated this reduction (with or without dead space reduction) and did not meet failure criteria during the 2.5 h of observation. To achieve this, infants increased their spontaneous ventilation to compensate for the reduced SIMV rate, but the increase in spontaneous ventilation was smaller when dead space was reduced. The relatively brief weaning period did not allow testing if these infants could sustain the increased breathing effort for longer periods.
Alveolar minute ventilation is affected to varying degrees by dead space depending on the size of V T . The smaller V T of spontaneous breaths has proportionally greater dead space rebreathing and this may be even more disadvantageous in the smallest infants. The ventilator mode used (SIMV, SIMV with PS or assist/control) may influence the effect of dead space, or its reduction, depending on the proportion of spontaneous versus mechanical breaths. A majority of the infants in this study were on SIMV with PS, which may have attenuated the effects of the reduction in SIMV rate because all spontaneous breaths were supported.
These findings may not only apply to the flow sensors of the ventilators used in this study but to all mainstream devices or additional apparatus that increase dead space including endotracheal tubes of too large diameter or length. Although removal of the flow sensor would reduce dead space, it prevents use of synchronized ventilation, a ventilatory strategy that has been shown to accelerate weaning in preterm infants. 11 This also disables volume monitoring, which is routinely used to target tidal volume. Synchronization and volume monitoring can also be achieved with the ventilator's internal flow sensors because these do not increase dead space. However, there are serious questions on their accuracy 12, 13 and data on their sensitivity for synchronization are scarce.
The study objectives did not justify obtaining multiple blood samples from this group of infants. Instead TcPCO 2 measurements 
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A Estay et al were used, but these frequently do not have the desired precision between subjects. In this study, all comparisons were carried out within the same subject and any upward or downward trend in TcPCO 2 would have been adequately detected. The described technique for V D Sensor reduction has potential disadvantages in terms of V T measurement and autotriggering of the ventilator. In this study, these have been dealt by correcting the measured flow and adjusting the trigger sensitivity, but its application in the routine care will require modification of the ventilator similarly to what is carried out in some ventilators with built-in leak compensation algorithms.
This and previous study documented the effects of V D Sensor and showed initial feasibility of the technique to reduce it. Larger clinical trials evaluating more clinically relevant end points should be conducted before the routine clinical use of this technique. These results also suggest the need for flow sensors with smaller or no V D Sensor for use in the smallest premature infants.
In conclusion, the ventilator's flow sensor dead space has important effects on the preterm infant during weaning from synchronized ventilation. These include a rise in CO 2 or need to produce a greater increase in spontaneous ventilation to maintain CO 2 levels during a reduction in ventilator support. These findings suggest that reducing the instrumental dead space could improve the tolerance to weaning in small preterm infants. However, its broad clinical effect needs to be evaluated in longer term clinical studies.
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